We present our seven-year experience of using moderate deep inspiration breath-hold (mDIBH) with an active breathing control (ABC) device for patients with early-stage breast cancer and dosimetric comparison to evaluate the benefit of mDIBH on the heart, lung, and liver.
Introduction
Breast-conserving therapy has become the major treatment modality for early-stage breast cancer, of which radiotherapy is an important component. Several studies have demonstrated a lower risk of recurrence by the administration of adjuvant radiotherapy. [1, 2] Whole breast radiation reduces the risk of local recurrence and has shown to have a beneficial effect on survival. [3, 4] For patients with breast irradiation, a significant reduction in the heart and lung doses using deep inspiration breath-hold with active breathing control (ABC) has been established. [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the breath hold technique has not been routinely implemented in many breast cancer treatment centers because of concerns about the increase in the required resources and workload. We present our experience over a period of 7 years of using moderate deep inspiration breath-hold (mDIBH) using an ABC device for patients with early-stage breast cancer. Patients with early-stage breast cancer were retrospectively reviewed in order to compare the radiation doses to the heart, lung, and liver.
Materials and methods

Patient selection
In our previous experience, the quality of the verification images of patients with advanced-stage breast cancer before treatment with mDIBH was not very good. Electronic portal imaging device (EPID) was placed in the exit megavoltage beam to produce the image. The images were captured and displayed on a video screen. These images could be compared with the simulation films to determine the placement differences. This was our verification technique used in both locally advanced disease and the early disease. The image quality of megavoltage port images is poorer than the quality for companion kV-equivalent digitally reconstructed radiographs because of poor subject contrast caused by the dominance of the Compton effect. The treatment field included partial clavicle and humerus in locally advanced disease. The quality of lateral verification image was worse in locally advanced disease than in the early disease due to interference of clavicle and humerus. Therefore, we favored using mDIBH for patients with early-stage breast cancer due to more confidence in verification. However, due to the limited resources, not all earlystage patients received mDIBH. We recommended mDIBH technique to all left-sided breast cancer patients. But some leftsided breast cancer patient did not receive mDIBH technique due to some reasons, including limited workload of our institution, patient's insurance coverage, and patient's preference. Some leftsided breast cancer patients failed to receive mDIBH technique due to hearing impairment. The mDIBH technique was also performed for right-sided breast cancer patients if they were eager to have more precise treatment. We retrospectively reviewed all newly diagnosed breast cancer patients diagnosed with clinical stage Tis, I, or II disease and who were treated with radiotherapy between November 2010 and October 2017. The study was approved by the Ethics Committee of Chi-Mei Medical Center, and was carried out in accordance with the Helsinki declaration and its later amendments or comparable ethical standards. All persons gave their informed consent before their inclusion in the study. We reviewed the records and plans of the 369 patients included in this study to obtain demographic data, staging, planning target volume for evaluation (PTV eval ) V 95% (relative volume receiving ≧95% of prescribed dose), clinical target volume for evaluation (CTV eval ) V 95% , volume of the normal organs, and relative dose-volume histograms (DVHs). Of the 369 patients, 107 patients were treated with mDIBH and 262 patients were treated with free breathing (FB). Subsequently, we compared the dose difference between the two groups in order to understand the benefit of mDIBH.
mDIBH technique
Patients had to demonstrate a comprehension of the rationale of this treatment so that an optimal level of compliance could be attained. They underwent a training session with the ABC apparatus to determine the breath-hold threshold level and breath-hold time. They were then immobilized on a homemade Tboard supporting the thorax, the shoulders, and the elbows, with both arms raised above the head and connected to the ABC device. The ABC device is commercially available from the Elekta Oncology Systems. It consists of a digital spirometer to record the patients' real-time breathing traces and a balloon valve that is triggered to automatically inflate when the patients inspire to their preset mDIBH level. This allows for a predictable and consistent level of chest wall expansion with each mDIBH. A nose clip is used to prevent leakage and to allow for an accurate measurement of the inspiratory volume. Their maximal inspiratory capacity was recorded using the ABC spirometry software. A comfortable level of breath-hold was then determined, which would be used throughout the treatment course. This level was generally set at approximately 75% maximal inspiratory capacity and was termed mDIBH. Patients who could comfortably maintain this level of breath-hold for 15 to 25 s were deemed suitable for this treatment. Patients underwent a planning CT scan in mDIBH while being connected to the ABC device. In the treatment room, all patients followed our radiotherapist's audio orders to take a deep breath and to suspend their breathing motion. Verification images were obtained before treatment. The patient was irradiated when the ABC monitor showed that a breath-hold was in progress. ABC was not used for the tumor bed boost. It took us additional 30 min to perform every patient's breathing training before simulation. It also took us additional 10 min to perform every treatment with mDIBH technique. An additional radiotherapist was required to control the ABC device. During 25 fractions of treatment, we needed additional 280 min and additional 25 radiotherapists to treat one patient. Obviously the mDIBH technique increased our workload. Therefore, before the routine integration of mDIBH using an ABC device, a careful estimation of the available resources was essential.
Treatment planning
The delineation of CTV in all 369 patients was based on the consensus of Radiation Therapy Oncology Group (RTOG). The PTV was 2 cm on the anterior and lateral side and 0.7 cm on the other side. PTV was used for field design of conventional tangential-field plan. We used PTV eval (PTV for evaluation) to evaluate target coverage. We tried to keep contralateral breast lower than 3 Gy and skin dose lower than 70% of prescribed dose as possible as we could. The prescribed dose was 50 Gy in 25 fractions to the whole breast and 10 to 16 Gy in a 5-to 8-fraction boost to the tumor bed. Hybrid intensity-modulated radiotherapy (IMRT) was performed for the treatment planning, and an electron beam in the energy range of 6 to 9 MeV was prescribed to the 90% isodose curve for the tumor bed boost. The hybrid IMRT plans were generated using Pinnacle treatment planning system. The hybrid IMRT consisted of a conventional tangentialfield plan and a tangential-field IMRT plan. The two plans were hybrid using different weightings of 80% and 20%, respectively. The contribution of the low weighting tangential-field IMRT plan was to increase the dose homogeneity of the hybrid IMRT plan. The maximum number of segments was set to 20 and the minimum segment MUs was set to 4 to effectively perform the tangential-field IMRT plan.
Statistical analysis
All planning and dosimetric evaluations were performed on the Pinnacle treatment planning system (Phillips Healthcare, Andover, MA). The calculated DVH was compared between the FB and mDIBH groups. The chi-square test was used to compare the distribution of stage and tumor site between the two groups. The independent samples t-test was used to compare the remaining parameters between the two groups. Analysis was performed using SPSS v.22.
Results
Three hundred and sixty-nine female patients with early-stage breast cancer were treated in our institution between November 2010 and October 2017. Of these patients, 107 patients were treated with mDIBH, and 262 patients were treated without mDIBH. All patients received partial mastectomy followed by whole breast irradiation of 50 Gy and an additional 10 to 16 Gy to the tumor bed. In the mDIBH group, the average threshold was Lin et 
There was significant difference in the distribution of stage, tumor site, and age between the FB and mDIBH groups ( Table 1 ). There was a significant difference in the ipsilateral lung volume, whole lung volume, and liver volume between the FB and mDIBH groups, but no difference in the PTV eval V 95% , CTV eval V 95% , and the volume of CTV and heart ( Table 2 ). All 369 patients presented with a significantly lower ipsilateral lung V 5 , ipsilateral lung V 10 , ipsilateral lung V 20 , mean ipsilateral lung dose, whole lung V 5 , whole lung V 10 , whole lung V 20 , mean whole lung dose, heart V 10 , heart V 30 , heart V 40 , and mean heart dose in the mDIBH group (Table 3) . For 184 patients with a left-sided breast tumor, significantly lower ipsilateral lung V 5 , ipsilateral lung V 10 , ipsilateral lung V 20 , mean ipsilateral lung dose, whole lung V 10 , whole lung V 20 , mean whole lung dose, heart V 10 , heart V 30 , heart V 40 , and mean heart dose were observed in the mDIBH group (Table 4) . For 185 patients with a right-sided breast tumor, significantly lower ipsilateral lung V 5 , ipsilateral lung V 10 , ipsilateral lung V 20 , mean ipsilateral lung dose, whole lung V 5 , whole lung V 10 , whole lung V 20 , mean whole lung dose, heart V 10 , heart V 30 , heart V 40 , mean heart dose, liver V 30 , and mean liver dose were observed in the mDIBH group (Table 5) .
Discussion
A recent analysis of 42,000 women treated in 78 randomized trials using radiotherapy for breast cancer showed small but significant reductions in breast cancer mortality within the first 10 years after treatment, primarily because of excess mortality due to heart disease and lung cancer. [4] It has long been speculated that one of the primary factors responsible for the detrimental effect of radiotherapy on survival was cardiac toxicity related to radiotherapy exposure. [10] An additional concern is that most breast cancer patients are now also receiving systemic cardiotoxic therapy. Therefore, the radiation dose to the heart should be as low as possible. Vincent et al [14] reported that a reduction in the percentage of the heart receiving 30 Gy can be achieved in patients with left-sided breast cancer using an ABC device. In our study, the use of mDIBH in left-sided breast cancer patients could reduce the heart V 30 by 78.1%, the heart V 40 by 81.8%, and the mean heart dose by 62.5%, when compared with free-breathing techniques. These observations were also consistent with those from previous studies that used deep inspiration breath-hold strategies. [8, 11, 12, [15] [16] [17] [18] [19] [20] We also showed that the mDIBH technique significantly decreased the dose to the whole lung and the ipsilateral lung. This seems counterintuitive, as there would be more lung volume within the tangential beam when the heart moves out of the treatment field during mDIBH. However, Zurl et al [21] reported Table 2 Comparison of volume and coverage. 621.7 ± 146.5 463.6 ± 94.9 <.001 Heart V 10 (%) 9.0 ± 10.3 3.6 ± 4.6 <.001 Heart V 30 (%)
5.3 ± 6.8 1.5 ± 2.6 <.001 Heart V 40 (%) 4.1 ± 5.4 1.0 ± 2.0 <.001 Heart-mean (cGy) 428.5 ± 400.0 204.1 ± 181.5 <.001 FB = free breathing, mDIBH = moderate deep inspiration breath-hold, mean = mean dose, SD = standard deviation, V 10 = relative volume receiving ≧10 Gy, V 20 = relative volume receiving ≧20 Gy, V 30 = relative volume receiving ≧30 Gy, V 40 = relative volume receiving ≧40 Gy V 5 = relative volume receiving ≧5 Gy. Table 4 Dosimetric comparison of patients with left side breast tumor. Several studies have reported that the mDIBH technique using the ABC device for left-sided breast cancer radiotherapy can displace the heart from the breast radiation field, thus significantly reducing the dose to the heart and the coronary artery. [22] [23] [24] Our study showed that mDIBH can significantly reduce the mean heart dose, even for right-sided breast cancer patients, although the clinical benefit is not well understood.
Conway et al [9] reported that the use of deep inspiration breath-hold technique in breast cancer patients can reduce liver volume receiving 50% of the prescribed dose. In our study, the mDIBH group showed significantly lower liver V 30 and mean liver dose.
To our knowledge, this was the first study to retrospectively compare the dosimetric parameters between the FB and mDIBH groups in all early-stage breast cancer patients of a single institution. Following analysis, the two groups were observed to be different in their distribution of stage, tumor site, and age. The mDIBH group showed higher ratio of Tis stage, left side, and younger age. Moreover, there was no difference in the CTV volume and heart volume; the difference observed was in the lung volume as a result of lung expansion.
Our study was a retrospective study that had some limitations. First, different radiation oncologists delineated the tumor contours and some personal variation would exist. Second, the patients received mDIBH based on their personal choice or the oncologist's advice, thereby leading to possible selection bias. Third, we only investigated early-stage breast cancer patients; hence, the effect of mDIBH on advanced-stage breast cancer patients is unknown.
Conclusions
For early-stage breast cancer patients, the mDIBH technique not only reduces the heart dose but also reduces the lung and liver doses. Right-sided breast cancer patients can also acquire benefit by using the mDIBH technique. The routine integration of mDIBH using an ABC device may decrease toxicity in the heart, lung, and liver. However, this technique will increase the workload to provide breathing training, higher treatment time, and the requirement of an additional radiotherapist to control the ABC device. Therefore, before the routine integration of mDIBH using an ABC device, a careful estimation of the available resources is essential. Also, long-term follow-up is needed to determine the clinical outcomes associated with decreased radiation doses to the heart, lung, and liver.
